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In this paper, we systematically demonstrate the corrosion behavior and surface
characteristics of a newly developed Cu36Zr48Ag8Al8 bulk metallic glass (BMG). The
Cu36Zr48Ag8Al8 BMG exhibits excellent corrosion resistance in acidic and alkaline
solutions without Cl− ions. The alloy is spontaneously passivated with a markedly low
current density in 1 N H2SO4 solution. The formation of the bilayered passive film of
the present alloy immersed in 1 N H2SO4 solution, which is composed mostly of Zr
4+
cations in the exterior part and Zr4+- and Al3+-enriched cations in the inner part, could
be responsible for the high corrosion resistance.
I. INTRODUCTION
Bulk metallic glasses (BMGs) have been drawing in-
creasing attention in recent years because of their supe-
rior properties and potential as new engineering materi-
als.1,2 To date, a large number of BMG systems, includ-
ing Mg-, Zr-, Pd-, Fe-, Co-, Ti-, Ni-, and Cu-based
multicomponent systems, have been produced by con-
ventional mold casting and water quenching tech-
niques.3–10 The Cu-based BMGs are particularly inter-
esting and show commercial potential as structural ma-
terials in some fields due to the combination of high
strength, distinct plasticity, and relatively low cost of
fabrication. This includes the discoveries of unusual
glass-forming ability (GFA) in binary Cu–Zr,11 ternary
Cu–Zr–Al,12,13 and quaternary Cu–Zr–Ti–Ag14 alloys.
However, the Cu-based BMGs developed in bulk form
with high strength and ductility are seldom larger than
6 mm in diameter. The limited size makes it difficult to
meet the requirement as structural materials. Therefore,
much effort has been devoted to the development of Cu-
based BMGs with larger size and good properties.
Recently, a new series of (CuZr)-based BMGs with
excellent GFA and large supercooled liquid region have
been developed.15,16 These glassy alloys possessed high
fracture strength of over 1850 MPa with appreciable
plasticity. The critical diameter was 10 mm for
Cu42Zr42Ag8Al8, 15 mm for Cu40Zr44Ag8Al8 and
Cu38Zr46Ag8Al8, and 25 mm for Cu36Zr48Ag8Al8. Com-
pared with other BMGs discovered so far, these newly
developed (CuZr)-based BMGs present unique features,
which combine the ductility of Cu-based BMGs with the
high GFA and the large supercooled liquid region of
Zr-based BMGs. This unique combination of properties
makes the new BMGs have significant potential of ap-
plication fields, such as in bipolar plate materials, bio-
medical instruments, and micro devices.
It is well known, considering application environ-
ments, chemical properties of materials are of great im-
portance: good corrosion resistance and electrochemical
stability are needed in industrial environments. More-
over, a better understanding of the role of the alloy con-
stituent elements in corrosion resistance is useful for de-
signing a high corrosion resistant BMG alloy. This study
aims to investigate the corrosion resistance of the
Cu36Zr48Ag8Al8 BMG to obtain basic data for applica-
tion to industry. X-ray photoelectron spectroscopy (XPS)
and angle-resolved x-ray photoelectron spectroscopy
(ARXPS) measurements were performed to clarify the
surface-related chemical characteristics of the alloy be-
fore and after immersion in 1 N H2SO4 solution. This has
led to a better understanding of the correlation between
the surface composition and the corrosion resistance.
II. EXPERIMENTAL PROCEDURES
The alloy ingot of Cu–Zr–Ag–Al was prepared by arc-
melting a mixture of pure Cu (99.99%), Zr (99.5%), Ag
(99.99%), and Al (99.99%) in a Ti-gettered argon at-
mosphere on a water-cooled Cu hearth. Each ingot was
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arc-melted at least four times. Bulk glassy alloys in a rod
form, with a diameter of 2–4 mm and a length of 50 mm,
were produced by an injection copper mold casting
method. The glassy structure of as-cast rods was
examined by x-ray diffraction (XRD) using a RIGAKU
(Tokyo, Japan) diffractometer with Cu K radiation at
40 kV. The broad diffraction peaks were observed for the
samples and no appreciable diffraction peak correspond-
ing to crystalline phase was seen within the resolution
limit of the XRD. This indicated that the as-cast rod
consisted of a glassy single structure.
Corrosion resistance of the alloy was evaluated by
weight loss and electrochemical measurements. The
specimens were 3 cm long with a diameter of 2 mm.
Prior to immersion and electrochemical measurements,
the specimens were polished mechanically with SiC pa-
per up to grit 2000 in cyclohexane, degreased in acetone,
washed in distilled water, dried in air, and further ex-
posed to air for 24 h for good reproducibility. Electro-
lytes of 1 N H2SO4, 1 N H2SO4 + 0.01 N NaCl, and 1 N
NaOH solutions open to air were used at room tempera-
ture (∼298 K). The corrosion rates were estimated from
the weight loss after immersion for a period of time in the
solutions. The weight loss for each alloy was measured
three times and the average value was used for corrosion
rate estimation. The concentrations of the constituent el-
ements released in these solutions were examined by
inductively coupled plasma-optical emission spectrom-
etry (ICP-OES). Potentiodynamic polarization curves
were measured with a potential sweep rate of
50 mVmin−1 after open-circuit immersion for ∼20 min
when the open-circuit potential became almost steady. A
platinum mesh and an Ag/AgCl electrode were used for
counter and reference electrodes, respectively. After the
immersion test and electrochemical measurements, sur-
faces of the alloys were examined by scanning electron
microscopy (SEM).
XPS and ARXPS measurements by means of a SSI
SSX-100 photoelectron spectrometer (Surface Science
Inc., US) with monochromatized Al K excitation
(h  1486.6 eV) were used for the surface analysis of
the specimens before and after immersion for 168 h in
1 N H2SO4 solution. X-ray photoelectron spectra were
measured at different take-off angles (10°, 35°, and 90°)
with respect to the plane of the sample, to observe the
outer and inner layers of the passive film formed on the
alloy. The composition of the surface film and the com-
position of the underlying alloy surface were quantita-
tively determined with a previously proposed method
using the integrated intensities of photoelectrons under
the assumption of a three-layer model of an outmost
contaminant hydrocarbon layer of uniform thickness, a
surface film of uniform thickness, and an underlying al-
loy surface of infinite thickness as regards x-ray-
photoelectrons.17,18
III. RESULTS
A. Corrosion rates and electrochemical
properties of the alloys
The average corrosion rates of the as-cast 2-mm-
diameter Cu36Zr48Ag8Al8 BMG immersed in acidic
and alkaline solutions open to air at 298 K were
measured. No weight loss was detected for the rod
samples after immersion in 1 N H2SO4 and 1 N NaOH
solutions, respectively, even for two months. This means
that the corrosion rate of the alloy is less than 1 ×
10−3 mmy−1, which is the detection limits for the
present measurements. After immersion in 1 N
H2SO4+0.01 N NaCl solution, the corrosion rate is
about 0.15 mmy−1. The result reveals that the present
alloy is sensitive to the chloride ions, which results
from the chemical instability of the Cu species and the
pitting susceptibility of the Zr and Al species in the alloy.
After the weight loss tests, surfaces of the alloy rods
were examined by SEM, as shown in Fig. 1. The entire
alloy samples maintain metallic luster after immersion
for two months in 1 N H2SO4 and 1 N NaOH, respec-
tively, and neither change nor pitting corrosion is ob-
served on their surfaces. (Note that the scratches in
SEM micrographs come from polishing with SiC pa-
per.) However, when the rod sample is immersed in
H2SO4 containing aggressive anions (chloride ions),
the sample suffers corrosion attack and its surface is
covered with corrosion products, which appear as granu-
lar materials in Fig. 1(d). Accordingly, the new
Cu36Zr48Ag8Al8 BMG possesses excellent corrosion re-
sistance in strong acidic and alkaline solutions without
chloride ions.
Figure 2 shows the potentiodynamic polarization
curves of the as-cast Cu–Zr–Ag–Al BMG rods with
a diameter of 2 mm in 1 N H2SO4 solution open to air
at 298 K. The polarization curves of the melt-spun
Cu50Zr50 ribbon and a SUS316L stainless steel are
also shown for comparison. The binary Cu50Zr50 glassy
alloy shows the active-passive transition, and its active
dissolution current peak is high. For Cu42Zr42Ag8Al8
alloy, the active dissolution current peak decreases
remarkably with alloying Ag and Al elements to the bi-
nary Cu–Zr alloy. In addition, spontaneous passivation
with a significantly low current density of the order of
10−2 Am−2 takes place for Cu36Zr48Ag8Al8 alloy. Its
passive current density is about one order of magnitude
lower than that of the SUS316L. SEM observa-
tion showed that no pitting corrosion was observed
for (CuZr)-based alloys during anodic polarization.
Therefore, the newly developed Cu–Zr–Ag–Al BMGs
exhibit high corrosion resistance in 1 N H2SO4 solution,
and their corrosion resistance is much better than
SUS316L.
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B. Chemical characteristics of the passive
surface film
To clarify the surface-related chemical characteristics
of the alloy, XPS analysis was performed for the speci-
mens as-polished mechanically in cyclohexane or im-
mersed for 168 h in 1 N H2SO4 solution. XPS measure-
ments were taken from the central region in the trans-
verse cross section of the 4-mm rod sample. The XPS
spectra of the specimens over a wide binding energy
region exhibited peaks of Cu 2p, Zr 3d, Ag 3d, Al 2s, O
1s, C 1s, etc. The C 1s spectrum showing a peak at
around 285.0 eV resulted from a contaminant hydro-
carbon layer covering the topmost surface of the speci-
men. The O 1s spectrum was composed of at least two
FIG. 1. SEM micrographs of the surfaces of the as-cast Cu36Zr48Ag8Al8 rods before and after immersion in 1 N NaOH, 1 N H2SO4, and 1 N
H2SO4+0.01 N NaCl solutions.
FIG. 2. Potentiodynamic polarization curves of the as-cast Cu–Zr–Ag–Al glassy alloys measured in 1 N H2SO4 solution open to air at 298 K.
Polarization curves of the Cu50Zr50 glassy alloy and a SUS316L stainless steel are also shown for comparison.
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overlapping peaks that are assigned to OM and OH oxy-
gen. The OM oxygen corresponds to O2− ions in oxyhy-
droxide and/or oxide, and the OH oxygen is oxygen
linked to proton in the film, which is composed of OH−
ions and bound water in the surface film.17,19 The inten-
sity of the S 2p photoelectron spectrum arising from the
solution species was very low and the amount was neg-
ligible.
The spectrum peaks from alloy constituents were com-
posed of peaks of oxidized states and metallic states; the
oxidized states (ox) and metallic states (m) are assigned
to signals from the surface film and underlying alloy
surface just beneath the surface film, respectively. The
measured spectra of Zr 3d and Al 2s were separated into
Zr4+ and Zrm, Al3+ and Alm peaks, respectively. Consid-
ering the Cu 2p electron peak, the Cu L3M4,5M4,5 Auger
peaks, Ag 3d electron peak, and the Ag M4N4,5N4,5 Au-
ger peaks, the copper and silver were distinguished as
Cu2+, Cu+, and Cum states, Ag+ and Agm states, respec-
tively. Thus, the valence of oxidized states in the surface
film can be identified as Cu+, Cu2+, Zr4+, Ag+, and Al3+.
Figure 3 shows the Zr 3d peaks measured from the
specimen after immersion in 1 N H2SO4 at 298 K for
168 h at different take-off angles of 35° and 90°. The Zr
3d5/2 and Zr 3d3/2 peaks consist of two doublets: the Zr
3d5/2 and 3d3/2 peaks corresponding to the metallic state
Zr0 are located at 179.2–179.3 and 181.6–181.7 eV, re-
spectively, and those corresponding to the Zr4+ state ap-
pear at 183.3–183.4 and 185.7–185.8 eV, respectively.
Apparently, the peak intensity Zr0 3d5/2,3/2 is higher at
take-off angle of 90°. An example of deconvolution of
the Cu 2p3/2 peaks and Cu
2+ satellite peaks for the alloy
exposed to air after mechanical polishing is shown in Fig.
4. The highest peak at ∼934.9 eV and the satellites at
939–946 eV are characteristic of the Cu2+ 2p3/2 electrons
from the surface film.20,21 The chemical shift in the Cu
2p3/2 spectrum between Cu
+ and Cu0 is very small and
these two species cannot be distinguished in the Cu 2p3/2
spectrum. On the contrary, these two copper species give
different kinetic energy peaks in the x-ray induced Cu
L3M4,5M4,5 Auger spectrum.
20,21 By analysis and decon-
volution of the Cu L3M4,5M4,5 Auger peaks, the copper
was separated as Cu2+, Cu+, and Cu0 states.
After integrated intensities of the peaks for individual
species were obtained separately for oxidized and metal-
lic states and for OM and OH oxygen, the thickness and
composition of the surface film and the composition of
the underlying alloy surface were determined quantita-
tively using a previously proposed method.17,18
Figure 5(a) shows the cationic fraction of elements in
the surface film and Fig. 5(b) shows the atomic fraction
of elements in the underlying alloy surface just below the
surface film for the Cu36Zr48Ag8Al8 alloy exposed to air
and a sample immersed in 1 N H2SO4 solution open to air
for 168 h after mechanical polishing. In Fig. 5(a), when
the alloy is exposed to air after mechanical polishing, Zr
FIG. 3. The Zr 3d spectra measured for Cu36Zr48Ag8Al8 alloy immersed in 1 N H2SO4 at 298 K for 168 h at different take-off angles of (a) 35°
and (b) 90°.
FIG. 4. An example of deconvolution of Cu 2p3/2 spectrum for
Cu36Zr48Ag8Al8 alloy exposed to air after mechanical polishing at
take-off angle of 35°.
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and Al cations are enriched in the surface film, whereas
Cu and Ag cations are deficient. This is caused by the
preferential oxidation of Zr and Al elements during air
exposure. By contrast, in Fig. 5(b), no significant
changes are observed for Cu and Ag elements, while Zr
atomic fraction decreases greatly. On the other hand,
metallic Al is largely concentrated in the underlying al-
loy surface just below the surface film by air exposure.
The enrichment of Al in the surface of substrate cannot
be explained by preferential oxidation. It will be similar
phenomena with Cu-Zr22 and Cu-Ta23 amorphous alloys
where metallic Cu is enriched on the substrate surface.
Here, instead of Cu, Al is enriched on the surface region
of substrate.
Spontaneous passivation due to open circuit immer-
sion for 168 h in 1 N H2SO4 solution occurs by rebuild-
ing the air-formed film, and hence the passive film is
different from the air-formed film. This is a result of the
selective dissolution of Al and Cu elements from the
alloy surface film. After immersion, as shown in Fig.
5(a), it is found that Zr cationic ions further concentrate
in the surface, while Cu and Al cations inversely de-
crease. Moreover, a small amount of Ag cations are ob-
served in the passive film on the alloy. These results
indicate that open circuit immersion for the glassy alloy
in 1 N H2SO4 leads to rapid initial dissolution of Al and
Cu with a consequent enrichment in Zr content in the
surface film. On the other hand, the atomic Cu content
[Fig. 5(b)] is deficient in the underlying alloy surface
with respect to that in as-polished underlying surface,
whereas the Zr, Al, and Ag contents increase. The thick-
ness of the air-formed surface film and passive surface
film is ∼2.8 and 3.2 nm, respectively.
To get additional information about the nature of the
passive film formed on Cu–Zr–Ag–Al alloy, depth pro-
filing of the passive film was performed by using angle-
dependent measurements of XPS spectra. The change in
the take-off angle, , of detection of the photoelectrons
from low angle to high angle gives information from the
uppermost surface to the interior of the surface. In fact,
the depth from the surface is proportional to sin . Figure
6(a) shows the change in the cationic fraction of elements
in the surface film and Fig. 6(b) shows the atomic frac-
tion of elements in the underlying alloy surface for the
Cu36Zr48Ag8Al8 alloy after immersion for 168 h in 1 N
H2SO4 as a function of the take-off angle of photoelec-
trons. Figure 6(a) clearly shows that Zr cations are en-
riched significantly in the outmost part of the passive
film, while Al cations increase with an increasing take-
off angle of photoelectrons. In addition, slight changes
for Cu and Ag cations are observed with the take-off
angle. In fact, it is difficult to characterize the in-depth
distribution of Cu and Ag species in the surface film
because only small amounts of Cu and Ag cations are
detected in the surface film. These facts reveal that there
is a compositional gradient in the passive film; tetrava-
lent Zr cations are concentrated in the exterior of the
passive film while the content of trivalent Al cations
increases in the interior of the film. Furthermore, both the
Cu and Ag cations are largely deficient on the surface
despite the change of take-off angle of photoelectrons.
However, Fig. 6(b) shows the change in the apparent
atomic fraction in underlying alloy underneath the pas-
sive film for Cu–Zr–Ag–Al alloy with take-off angle of
photoelectrons, where data at take-off angle of 10° is not
shown because metallic peaks were almost undetectable.
From the figure, it can be seen that there is also concen-
tration gradient in depth of the underlying alloy surface.
The concentration of atomic Al is higher in the exterior
part of underlying alloy surface after immersion in 1 N
H2SO4. The reverse is seen for the atomic Zr element.
Moreover, the atomic fractions of Cu and Ag increase
slightly with an increase in the take-off angle of photo-
electrons. It is worth mentioning that the atomic Al ele-
ment is largely enriched in the underlying alloy surface
FIG. 5. (a) The change in cationic fraction in the surface film and
(b) atomic fraction in the underlying alloy surface for the as-cast
Cu36Zr48Ag8Al8 alloy exposed to air and that immersed in 1 N H2SO4
solution open to air for 168 h after mechanical polishing at take-off
angle of 35°.
C.L. Qin et al.: Chemical characteristics of the passive surface films formed on newly developed Cu–Zr–Ag–Al bulk metallic glasses
J. Mater. Res., Vol. 23, No. 8, Aug 2008 2095
as compared to the other elements, such as Zr, Ag, and
Cu, regardless of how the take-off angle changes. It is
presumed that the formation of Al-enriched underlying
surface layer may block the diffusion of Cu metal
through the underlying surface layer to the surface layer.
IV. DISCUSSION
The high corrosion resistance of the alloys results from
the formation of protective thin surface films, which
leads to spontaneous passivation of the alloys. The po-
larization curves shown in Fig. 2 demonstrate that the
Cu36Zr48Ag8Al8 BMG is spontaneously passivated with
a significantly low passive current density in H2SO4 so-
lution. To elucidate the nature of the passive film formed
in 1 N H2SO4 solution, the chemical composition, the
oxidation states, and the depth distribution of alloying
elements in the surface film are further investigated by
XPS and ARXPS, as shown in Figs. 5 and 6. XPS analy-
sis (Fig. 5) reveals that the air-formed film on the alloy is
enriched in tetravalent Zr and trivalent Al cations as a
result of preferential oxidation of Zr and Al. When the
alloy is immersed in 1 N H2SO4 solution, the Al and Cu
cations preferentially dissolve into the acidic solution
during the early stage of immersion and hence sponta-
neous passivation occurs. By ICP-OES analysis of the
open circuit corrosion loss, as shown in Table І, it gives
further evidence that small amounts of Cu ions and Al
ions are released in H2SO4 solution after immersion for
168 h. However, the dissolution rate of Al seems to be
low, because Al is still enriched in the surface film after
immersion. It can, therefore, be concluded that sponta-
neous passivation of the Cu–Zr–Ag–Al alloy in this so-
lution is accompanied by rapid initial preferential disso-
lution of Al and Cu with a result of more enrichment of
Zr cations in the surface film. The most dominant cations
in the passive surface are Zr4+ followed by Al3+. Only
small amounts of Cu2+, Cu+, and Ag+ cations are ob-
served on the surface. As indicated by the results of the
immersion test, when the present alloy is immersed in
1 N H2SO4 solution even for two months, no weight loss
is detected with the present microbalance, which in turn
verifies that the Zr4+ highly enriched surface film is
dense, compact, and stable.
Because corrosion behavior and passivity of an alloy
primarily depend on the chemical characters of alloy
constituent elements and solutions examined, the electro-
chemical properties of the individual constituent ele-
ments in 1 N H2SO4 solution are examined. Figure 7
shows the potentiodynamic polarization curves of pure
Cu, Zr, Ag, and Al metals with a diameter of 2 mm in
1 N H2SO4 solution open to air at 298 K. The Cu metal
shows the worst corrosion resistance among all the al-
loying elements, whereas spontaneous passivation with a
wide anodic passive region takes place for Zr metal, in-
dicating that Zr is the most effective alloying element.
Moreover, Al metal, with a low open circuit potential,
initially dissolves in this solution and soon reaches a
stable stage with increasing applied potential. On the
contrary, although Ag metal displays a high dissolution-
current density, it is reasonable that Ag ions could not
be detected in the solution during the open circuit im-
mersion by ICP-OES measurement (Table І) due to its
nobler corrosion potential. The presence of alloying Ag
in the Cu–Zr–Ag–Al alloy also causes nobler corrosion
FIG. 6. (a) The change in cationic fraction in the surface film and
(b) atomic fraction in the underlying alloy surface for the as-cast
Cu36Zr48Ag8Al8 alloy after immersion for 168 h in 1 N H2SO4 as a
function of take-off angle of photoelectrons.
TABLE I. The concentrations (g/mL) of the constituent elements
released from the Cu36Zr48Ag8Al8 BMG after immersion in 1 N
H2SO4, 1 N NaOH, and 1 N H2SO4 + 0.01 N NaCl solutions for 168 h.
Elements Cu Zr Ag Al
1 N H2SO4 0.05 0.01 
a 0.05
1 N NaOH 0.02 0.01 a 0.02
1N H2SO4+ 0.01 N NaCl 3.62 42.8 1.93 5.24
aBelow the detection limit.
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potential for the present alloy when compared with the
Cu50Zr50 alloy and SUS316L, as shown in Fig. 2. Com-
bined the chemical characteristics of the individual con-
stituent elements with electrochemical measurements
and XPS results, it is clarified that the spontaneous pas-
sivation of the present alloy in H2SO4 solution is caused
by constituent element Zr, which has a high passivating
ability. Meanwhile, copper content is markedly deficient
in both the passive film and underlying alloy surface,
which accounts for the high corrosion resistance.24,25
According to angle-resolved XPS analysis, as shown
in Fig. 6, one interesting feature is found for the present
alloy. The spontaneous passive film is not composition-
ally homogeneous, having concentration gradients of cat-
ions through the depth. In Fig. 6(a), it can be clearly seen
that the cationic fraction of Zr cations decreases and that
of Al cations increases with take-off angle. The Cu and
Ag cations remain almost constant regardless of take-off
angle of photoelectrons. These facts indicate that Al3+
ions in the passive film are concentrated in the interior
part and the concentration of Zr4+ is higher in the exterior
part of the passive film. We can see that Zr cations are
significantly rich in the topmost surface layer. Therefore,
the structure of the passive film is considered to be bi-
layered with the outer part composed mostly of Zr-rich
oxide and the inner part composed of Zr- and Al-rich
oxides. Because of the strong passivating ability of Zr in
the solution and the high affinity of Zr and Al to oxygen
species, it is assumed that the bilayered surface film ex-
hibits a dual function; the outer layer acts as a barrier to
prevent the attack from outside environment, and the
inner layer may be an effective diffusion barrier to block
the outward diffusion of Cu to the top surface.26,27 In our
previous study, the surface films on less corrosion re-
sistant alloys contained a fairly high concentration of
copper.24,25
Similar XPS results have been found for the alloy
immersed in 1 N NaOH solution and they will not be
presented here in detail. In conclusion, the present alloy
exhibits high corrosion resistance in acidic and alkaline
solutions. However, the main disadvantage of the present
alloy is that the alloy shows low corrosion resistance in
chloride-ion-containing solution. The surface film of the
alloy immersed in chloride-ion-containing solution is
less protective, giving rise to accumulation of uneven
non-protective corrosion products on the alloy surface, as
shown in Fig. 1(d). In addition, a larger amount of Cu,
Zr, Ag, and Al cations are detected in this solution during
the open circuit immersion by ICP-OES measurement
(Table І), which is in agreement with the corrosion rate.
Therefore, it is necessary to improve the corrosion resis-
tance of the present alloy against chloride ions by alloy-
ing the corrosion resistant elements or modification of its
surface.
V. CONCLUSIONS
The electrochemical properties and surface composi-
tion analysis of a newly developed Cu-based BMG were
investigated. The Cu36Zr48Ag8Al8 BMG possesses high
corrosion resistance in acidic and alkaline solutions
without Cl− ions. In 1 N H2SO4 solution, the alloy is
FIG. 7. Potentiodynamic polarization curves of the pure Cu, Zr, Ag and Al metals in 1 N H2SO4 solution open to air at 298 K.
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spontaneously passivated with a remarkably low current
density of the order of 10−2 Am−2. In the passive films,
there is a compositional gradient. The outer region of the
passive films is composed mostly of tetravalent Zr cat-
ions, and the inner region is rich in tetravalent Zr cations
and trivalent Al cations. Thus, the bilayered surface film
with high Zr4+ concentration will be acting not only as
the barrier to the attack from outside environment but
also against the transportation of metallic Cu from inside
to the surface.
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